Abstract: Effects of temperature and slag composition on dephosphorization in a 120 ton top-bottom combined blown converter steelmaking process by double slag method were studied. The slag properties were determined by scanning electron microscope-energy dispersive spectrometry (SEM-EDS), X-ray diffraction (XRD). The results show that the transition oxidation temperature between dephosphorization and decarbonization T f is not the favorable temperature for the first deslagging. The optimum first deslagging temperature is confirmed to be approximately 1,673 K which is about 70 K higher than T f . High melting temperatures phases (such as 3CaO·SiO 2 ) in the slag with high basicity and MgO content are unfavorable to the dephosphorization. The optimum process condition for dephosphorization at the first deslagging in present work is approximately 1,673 K in temperature, 2.0 in slag basicity, 6 and 17 mass% in MgO and T.Fe content, 6 mass% MnO content.
Introduction
High phosphorus content in final steel products usually cause embrittlement largely induced by the segregation of phosphorus at grain boundaries [1] , and low ductility, poor mechanical and welding performances [2] . The demand on low phosphorus content is more and more critical for pipeline steel and marine ship steel. For example, pipeline steels of high grades require phosphorus content less than 0.01 mass%, in particular, the phosphorus content in the 9 mass% Ni steel grade is demanded lower than 0.004 mass% [3] . Thus, the efficient phosphorus removal is increasingly needed, double slag operation combined with remaining slag method is widely applied in many steel plants. Many researchers [4] [5] [6] [7] reported the efficiency of this method for dephosphorization and proposed that the temperature, slag basicity and FeO content should be properly controlled in order to obtain the favorable dephosphorization condition. But due to their trial conditions difference, the parameters proposed by different researchers based on their industrial trial vary in a large range.
It takes advantage of low temperature at the first stage of double slag method, which favors dephosphorization; thus, it is essential to confirm the favorable temperature of the first deslagging for dephosphorization. Some researchers [8, 9] proposed that the transition temperature for the selective oxidation reaction T f should be the admirable temperature for the first deslagging temperature based on the selected deoxidation theory. The other researchers [10, 11] calculated T f based on this viewpoint are approximately 1,573 K. Thus, the proper temperature for the first deslagging should be further understood from thermodynamic. Properties and compositions of slag for dephosphorization are extremely concerned by the researchers and some works [12, 13] have done for this, but slag structures and thermodynamic properties for dephosphorization also need to be further understood.
In the present study, based on the industrial trial results, the admirable the first deslagging temperature was analyzed from the thermodynamic. In addition, to understand effects of slag on the reaction process of dephosphorization, the structure and properties of slag were analyzed by scanning electron microscope-energy dispersive spectrometry (SEM combined EDS) and X-ray diffraction (XRD).
Experimental
Twenty industrial trials were carried out in a 120-ton topbottom combined blown steelmaking converter. Double slag operation was carried out in the converter for dephosphorization. The composition and temperature of the hot mental are shown in Table 1 .
After the hot metal and scrap (16% of the total load) was loaded in the BOF, blowing of oxygen into the converter from the top lance was started. After 1 min, the first patch of lime along with certain amount of iron ore, fluorite and burn dolomite were added into the converter to form slag. The blowing of oxygen was stopped after about 5-6 min. The converter was then tilted for deslagging and about 50-70% of P 2 O 5 -rich slag is removed out of the BOF. The slag at this stage is called first slag. After removing the slag as much as possible, the converter was put into normal standing position again. This was followed by the addition of the second patch of lime, iron ore, fluorite and burnt dolomite. Lime was used to adjust the slag basicity while iron ore was charged to improve the dissolution of lime into slag and to simultaneously control the proper temperature, carbon and phosphorus contents for tapping. The total amount of the slag is about 14-18 ton. To get good mass transfer, bottom blowing was adopted throughout the whole process.
Steel samples and slag samples were taken in each heat. The time of the sampling was during the first deslagging process. A steel spoon was used for sampling. The steel sample was obtained about 0.8 m below the surface of the molten bath. The slag attached on the steel rod was employed as slag sample. Thereafter, the slag composition was analyzed by X-ray fluorescence (XRF). The FeO contents in the slags were analyzed by chemical analysis. The thermodynamic calculation software FactSage 6.4, SEM combined EDS and XRD were applied to analyze structures and properties of slag to understand how the slag affects to dephosphorization.
Results and discussion
Temperature for dephosphorization at the first deslagging Figure 1 shows the dependence of dephosphorization rate on temperature of first deslagging. As shown in Figure 1 , with the increase in temperature at first deslagging, the dephosphorization rate increases firstly, and thereafter decrease after the temperature over approximating 1,673 K. The experimental results show that the favorable temperature for the first deslagging should be approximately 1,673 K. Many researchers [14] [15] [16] [17] [18] proposed that the favorable first deslagging temperature should be about 1,573 K.
To deeply understand the favorable dephosphorization condition, the thermodynamic analysis was performed. At the slag-steel interface, the dephosphorization reaction takes place as follows:
Decarbonization reaction happens as eq. (4), completing with the dephosphorization reaction. The following reaction can be obtained through eqs (1)- (4):
where a P 2 O 5 and a FeO are the activities of P 2 O 5 and FeO in slag, respectively; a Fe , a P , and a C are the activities of Fe, P, and C, respectively; P CO is the partial pressure of CO. Reaction (7) is the selective oxidation reaction between carbon and phosphorus. The transition temperature for the selective oxidation reaction T f can be calculated by ΔG 3 ¼ 0. When temperature is higher than T f in the bulk, the decarbonization reaction will take place prior to dephosphorization reaction in thermodynamics. Consequently, it is extremely significant to confirm T f to obtain the optimum temperature at the first deslagging.
To obtain the T f , the activity coefficient of P 2 O 5 in slag is calculated by eq. (10) [19] [20] [21] , and the activity coefficients of C and phosphorus in liquid metal are calculated by eqs (11) and (12) . In the calculations, the slag composition at the first deslagging is taken the average as: 42.87 CaO, 9.03 mass% MgO, 22.09 mass% SiO 2 , 6.31 mass% FeO, 7.39 mass% MnO, 2.29 mass% P 2 O 5 . The molten steel composition and the temperature for the first deslagging are taken as, C 3.26 mass%, Si 0.0278 mass%, Mn 0.1328 mass%, P 0.0543 mass%, S 0.0313 mass%, T ¼ 1,674 K. The activity interaction coefficients of C and P are listed in Table 2 :
As shown in Figure 2 , the transition temperature T f is about 1,599 K, which is somewhat lower than the favorable temperature for the first deslagging as shown in Figure 1 . The temperature range shown in Figure 2 can be divided into three regions according to the Gibbs free energy variation. In region (I) (T < T f ), ΔG 1 < ΔG 2 < 0, ΔG 3 < 0, the dephosphorization reaction occurs prior to decarbonization reaction. But it should be noted that the Gibbs free energy change for reaction (7) is also negative, thus it can also take place in this region. In fact, during the first deslagging period the carbon content decreases from about 4 mass% to 3 mass% that supports the analysis. In region (II), ΔG 2 < ΔG 1 < 0, ΔG 3 > 0, the decarbonization reaction occurs prior to dephosphorization reaction. It is generally thought that T f should be the favorable temperature at the first deslagging since dephosphorization is not the main reaction above this temperature. But in this region, the Gibbs free energy is also much lower than 0, i.e. the dephosphorization reaction can also take place. At the temperature T f , rephosphorization reaction (7) just starts to take place, thus, it can be easily deduced, the increase rate of phosphorus content is lower than its removal rate and the process still appear dephosphorization. With the temperature increase, the phosphorus removal rate will slow down and the rephosphorization rate will speed up. Only at certain temperature, the phosphorus removal rate equals its increasing rate, the phosphorus content will not decrease any more. According to the analysis, this temperature, which is higher than T f should be the favorable temperature at the first deslagging. Present trials results show that the favorable temperature should be about 1,673 K at the first deslagging, about 70 K higher than T f .
Mineral phase of dephosphorization slag
Slag compositions influence the activity coefficient of P 2 O 5 and the activity of CaO, which directly affect Table 2 : Activity interaction coefficient of elements in molten steel [19] [20] [21] . Figure 3 . The compositions of BOF slag at first deslagging were presented in CaO-SiO 2 -FeO ternary phase diagram at 1,673 K. As shown in Figure 3 , the composition mainly locate in the region of liquid and the 2CaO·SiO 2 (s)-bearing region, which means the precipitation of 2CaO·SiO 2 at the temperature. In order to further understand how the slag composition and its structure effect on the dephosphorization, SEM-EDS and XRD are applied to detect the slag properties. Two heats of first slag are selected for the examination to understand their differences, one heat is poor (1#) and the other is admirable (2#) for dephosphorization, phosphorus content and dephosphorization rate at the first deslagging of two selected heats are listed in Table 3 .
As shown in Figure 4 (a), the phase particles of 1# heat are very non-uniform in size and morphology. Figure 4(b) shows that particles is a type of calcium silicate, and the phosphorus content in this particle is relative low, about 2.26 mass%. Figure 4 shows that the matrix is composed of calcium silicate containing some FeO and MnO; the phosphorus distributes mainly in these region. Whereas some iron spinel particles composed of MgO and FeO þ MnO, wrapped by the matrix, are observed. In these spinel regions, the phosphorus is nearly absent that means these particles can hardly dephosphorize.
In contrast, as shown in Figure 5 (a), the slag particles of 2# heat are generally uniform in size and morphology. Figure 5 (b) shows that particle is a type of calcium silicate composed of CaO-SiO 2 -FeO-(MnO) multi-component phase. Figure 7(b) shows the mineral phase of 2# heat are 2CaO·SiO 2 and 3CaO·P 2 O 5 , and the phosphorus content in this particle is rich, about 9.73 mass%. In addition, the calcium silicate is as 2CaO·SiO 2 -based phase. Sasaki et al. [22] found that a 2CaO SiO 2 phase capable of fixing P existed in regions where dephosphorization efficiency was high. As shown in Figure 6 , it can be seen that the slag is divided into two phase, the first type is calcium silicate, mainly composed of CaO and SiO 2 ; and the other is calcium ferrite, which is composed of mainly silicate and phosphate. Phosphorus distributes nearly uniform in the two phases, indicating both phases have well ability of favorable dephosphorization. Figure 7 shows the XRD analysis results of mineral phase of 1# heat and 2# heat at the first deslagging. Figure 7(a) shows that the mineral phase of 1# heat the first deslagging is 3CaO·SiO 2 . Figure 7(b) show the mineral phase of 2# heat are 2CaO·SiO 2 and 3CaO·P 2 O 5 , which is favorable for dephosphorization. It can be concluded that the 2# heat slag could dephosphorization very well. Figure 8 shows the effects of the basicity of slag at the first deslagging on the dephosphorization rate. As shown in Figure 8 , dephosphorization rate increase with the increase of slag basicity at the first deslagging, and then decreases when slag basicity is greater than 2. The dephosphorization rate increases with the increase of slag basicity at the initial stage of converter steelmaking process when the slag basicity is less than 2. Because the steelmaking temperature is relatively low at the initial stage of converter steelmaking process, the excessive addition of lime lead to the decrease of slag fluidity, resulting in the decrease of dephosphorization rate when the slag basicity is more than 2. Figure 9 presents the effects of the total iron content in slag at the first deslagging on dephosphorization rate. It can be seen from Figure 9 that dephosphorization rate increases with the increase of total iron content at the first deslagging when total iron content of slag dephosphorizationat the first deslagging is lower than 19.74 mass%. This is because the slag oxidation increases with the increases of FeO content, higher FeO content of slag favors the dissolution of lime. As dephosphorization product, 3FeO·P 2 O 5 is less stable than calcium phosphate. A part of slag containing 3FeO·P 2 O 5 which is not reduced as calcium phosphate can be removed at the first deslagging.
Effect of slag composition on dephosphorization
As shown in Figure 10 , with the MgO content at the first deslagging increase, the phosphorus content in liquid steel decreases at first. But the phosphorus content in liquid steel increases when the MgO content is more than 6 mass%. This is because when the MgO content is too high, iron spinel phase generates which not only consumes the FeO content that should be used for dephosphorization, but also worsen the dephosphorization kinetic conditions. Some works [23, 24] reported that MgO content increased within 6 mass%, the melting temperature of slag decrease, but melting temperature increased when it is higher than 6 mass%, thus it also confirmed the present viewpoint.
The effect of MnO on dephosphorization rate at the first deslagging is shown in Figure 11 . It can be seen that the dephosphorization rate decreases with increasing MnO content. The dephosphorization rate of slag is larger when the MnO content is smaller than 6 mass% under this condition, the dephosphorization rate at the first deslagging is larger than 68.99 mass%. This is because the increase of MnO content leads to the decrease of the relative contents of CaO and T.Fe, which is unfavorable for dephosphorization, resulting in the decrease of dephosphorization rate. Therefore, the MnO content should be smaller than 6 mass % to keep the dephosphorization rate at the first deslagging larger than 68.99 mass%.
Conclusion
On the basis of industrial trials and theoretical analysis of dephosphorization by double slag method in BOF aiming to produce low phosphorus steel, the following conclusions are obtained.
(1) Transition oxidation temperature between dephosphorization and decarbonization T f is not the favorable temperature for dephosphorization at the first deslagging. The optimum the first deslagging temperature is confirmed to be approximately 1,673 K, approximately 70 K higher than T f . (2) High melting temperatures phases (such as 3CaO·SiO 2 ) are unfavorable for dephosphorization in the slag with high basicity and high MgO content. (3) The optimum process condition for dephosphorization at first deslagging in a 120 ton top-bottom combined blown converter steelmaking process by double slag method is approximately 1,673 K in temperature, 2.0 in slag basicity, 6 and 17 mass% in MgO and T.Fe content, 6 mass% MnO content, respectively. 
